This study was conducted to compare the effects of mannanoligosaccharides (MOS) and antibiotics as a dietary supplement on ADG, ADFI, G:F, and feed nutrient digestibility of rabbits during the fattening period, as well as on carcass traits and meat quality. A total of 512, sixty-day-old hybrid Hyla rabbits were randomly divided into 4 treatment groups based on BW and sex. The 4 treatment groups consisted of a control group and 3 MOS groups. The control group was fed a diet that contained apramycin (50 mg/kg), but diets for the 3 MOS groups contained 0.5, 1.0, or 1.5 g/kg of MOS instead of apramycin. The rabbits were fed experimental diets for 22 d and all rabbits were slaughtered at the end of the experiment when they were 82 d old. Individual BW and feed intake per cage were recorded weekly for 32 cages randomly chosen per group (64 rabbits) to calculate ADG, ADFI, and G:F. The apparent digestibility values of OM, CP, ether extract, crude fi ber, NDF, ADF, cellulose, and hemicellulose were measured using AIA as an inert marker. Carcass data were collected from 16 randomly chosen rabbits (8 males and 8 females) per group. The control group had less G:F (P < 0.001) than the MOS groups and a linear increase (P < 0.001) in G:F was observed as the concentration of MOS increased from 0.5 to 1.0 and 1.5 g/ kg. The apparent digestibility of DM, OM, crude fi ber, NDF, ADF, cellulose, and hemicellulose increased (quadratic, P < 0.05) as the concentration of MOS in the diets increased. The apparent digestibility of DM, OM, CP, crude fi ber, NDF, ADF, cellulose, and hemicellulose was also greater (P < 0.05) in the diets containing MOS than in the control diet and the digestibility of these nutrients was greater (P < 0.05) in the diet containing 1.5 g/kg of MOS compared with the control diet. The concentration of palmitic acid, stearic acid, and SFA was greater (P < 0.05) in the meat from rabbits fed the control diet than rabbits fed the MOS diets. The concentration of stearic acid decreased (quadratic, P < 0.05) in the meat of rabbits as the concentration of MOS in the diet increased. Meat from rabbits fed diets containing MOS also had greater contents of oleic acid (P < 0.05) and MUFA (P < 0.001) than those rabbits fed the diet containing apramycin. The thrombogenic index was greater (P < 0.05) in the meat from the control group rabbits than the MOS group rabbits. In conclusion, the inclusion of MOS in diets fed to rabbits during the fattening period may improve G:F and modify the fatty acid profi le of meat.
INTRODUCTION
Antibiotic growth promoters in feed for farm animals have been banned in the European Union from 2006 (EU, 2005) , whereas their use is under consideration around the world due to the potential development of antibiotic resistant bacteria (Greko, 2001; Spais et al., 2001; Roe and Pillai, 2003) . Consequently, research has been conducted to identify alternative feed additives that may be used as replacements for antibiotics.
Mannanoligosaccharides (MOS) are complex substances mainly derived from the cell walls of the yeast Saccharomyces cerevisiae (Spring et al., 2000; Hooge, 2004; Kogan and Kocher, 2007) . These substances, when included in the diet, adhere to pathogenic bacteria with type-1 fi mbriae, consequently removing them from the gut (Falcão-e-Cunha et al., 2007). Moreover, MOS increase the height, uniformity, and integrity of the intestinal villi, and can augment the immune response of the animal. As a result, the health and performance of the animal may improve if MOS is included in the diet (Ferket, 2004; Hooge, 2004; Ghosh et al., 2007; Kogan and Kocher, 2007; Rehman et al., 2009) .
Several authors have compared effects of MOS and antibiotic growth promoters on in vivo rabbit performance, but have reported no signifi cant differences (Fonseca et al., 2004; Pinheiro et al., 2004; Mourao et al., 2006) . reported that the addition of 2.0 g/kg MOS to the diet increased VFA concentration in the cecum of growing rabbits, whereas Pinheiro et al. (2009) observed that 1.0 g MOS/kg did not reduce the negative effects of low fi ber diets on rabbit growth performance. Little research has been conducted to investigate effects of adding MOS to diets fed to rabbits during the fattening period (Piccolo et al., 2009) or to species (Fritts and Waldroup, 2003) . The aim of our experiment was to study the effect of MOS vs. the antibiotic apramycin (Elanco, Greenfi eld, IN) as a dietary supplement on the in vivo performance and feed nutrient digestibility of rabbits during the fattening period, as well as on carcass traits and meat quality.
MATERIALS AND METHODS
All procedures involving animals were conducted according to the Italian laws on animal welfare in scientifi c experiments.
Animals, Diets and Sampling
The experiment was conducted at a rabbit farm (Benevento, Italy; 41°16¢0² N, 14°55¢0² E, and 667 m above sea level). A total of 512 sixty-day-old hybrid Hyla rabbits, with an average initial BW of 1718 g (SD, 97 g), were divided into 4 treatment groups based on BW and sex. Rabbits were housed in the same building and placed in cages (26 × 46 × 35 cm). There were 2 rabbits (1 male and 1 female) in each cage and 64 cages per treatment group. One treatment group was fed the control diet and 3 treatment groups were fed MOS diets that contained 0.5, 1.0, or 1.5 g/kg of MOS (BioMos, Alltech, Inc., Nicholasville, KY). One basal diet was mixed and divided into 4 batches, which were then mixed with either the antibiotic or the MOS in the appropriate quantities. Apramycin (50 mg/kg; Elanco) was included in the control diet, but no apramycin was included in the 3 MOS diets. Treatment diets were administered for 22 d, and all rabbits were slaughtered at the end of the experiment when they were 82 d old. Rabbits had ad libitum access to feed and water during the entire course of the experiment.
Throughout the experiment, mortality in all groups was recorded daily. Individual BW and feed intake per cage were recorded weekly for 32 cages randomly chosen per group (64 rabbits) to calculate ADG, ADFI, and G:F. Each morning, any dead rabbits were removed before feeding, and the cages, in which 1 or both rabbits had died, were excluded from the experiment. The apparent digestibility values of OM, CP, ether extract (EE), crude fi ber (CF), NDF, ADF, cellulose, and hemicellulose were determined using AIA as an inert marker according to Vogtmann et al. (1975) . The hard feces were collected for 3 consecutive days (77 to 79 d of age). Nylon nets (5 × 7 mm mesh) were placed under the cages used for the growth experiment to separate feces from urine. At the end of each day, feces from each cage were collected, discarded cecotrophs, and dried in a draft oven at 60°C to a constant weight. Dried feces were pooled and approximately 50 g was used for chemical analysis. The apparent total tract digestibility of nutrients was calculated as follows: 100-100 × [(% AIA in the diet/% AIA in the feces) × (% nutrient in the feces/% nutrient in the diet)].
All animals were slaughtered at 82 d. Carcass data were collected from 16 randomly chosen rabbits (8 males and 8 females) per group, and all procedures followed the World Rabbit Science Association recommendations as described by Blasco and Ouhayoun (1996) . The slaughtered rabbits were bled, and then the full and empty gastrointestinal tract, skin, distal legs and tail, and urogenital tract with empty bladder were removed and weighed. The carcasses were weighed and then chilled to 4°C for 24 h in a ventilated room. After 24 h chilling, the carcasses were weighed and the head, liver, the whole heart, lungs, esophagus, trachea, thymus gland, and kidney free of perirenal fat were removed to obtain the reference carcass. From the reference carcass, hind legs, and the LM were separated.
Physical Criteria
With a portable instrument (Model HI 9025; Hanna Instruments, Woonsocket, RI) equipped with an electrode (FC 230C; Hanna Instruments) the ultimate value of pH after 24 h of chilling was measured in the Biceps femoris muscle. The left hind leg was used to evaluate the percentage of meat, bone, and fat. The meat-to-bone ratio was calculated according to Parigi-Bini et al. (1992) as follows: meat/bone = (raw hind leg weight -bone weight)/ bone weight.
Instrumental meat color was measured using a colorimeter (Minolta CR-300, illuminant D65 and 0° observer; Minolta Camera Co., Osaka, Japan,) with the Hunter-Lab method by repeating the measurement 3 times, turning the sample 3 times by 90° and repeating the procedure at 3 different places. The instrument was normalized to a standard white tile provided with the instrument be-fore performing analysis (Y = 92.8, x = 0.3162, and y = 0.3322). The colorimetric measurements were taken 24 h postmortem on the samples dissected from the reference carcass on a fresh cut surface made in the approximate anatomical center of each Biceps femoris muscle. The arithmetic mean of the 9 recordings obtained from the muscle sample was subjected to statistical analysis. The coordinates a* and b* were used for the determination of Chroma = (a 2 + b 2 ) 1/2 and Hue = tan -1 (b/a) as indicated by Mancini et al. (2004) and Little (1975) .
The degree of tenderness was tested through WarnerBratzler Shear Force (WBSF) on the raw meat from Biceps femoris muscles. The WBSF was measured (Instron 1140; Instron, High Wycombe, UK) using a crosshead speed of 50 mm/min and a load cell of 50 N. The cut sample had a cylindrical form with a 1.27-cm diameter cut that was parallel to the muscle fi ber direction. The forcedeformation curve obtained served to calculate meat hardness. Shear forces were determined perpendicular to the fi ber direction. Each sample was sheared 3 times and the arithmetic mean of the recordings obtained from each sample was subjected to statistical analysis.
Chemical Criteria
Chemical analyses of the basal diet were performed using these AOAC procedures (2004) The raw meat from the left hind leg dissection was ground, freeze-dried, and analyzed using these AOAC procedures (1984): moisture (Method 950.46), fat (Method 930.27), and ash (Method 950.153). Protein content, including glucidic molecules and their catabolities (0.25%; Ouhayoun et al., 1990) , was calculated by difference. Collagen was also extracted using the method reported by Tateo et al. (2008) . Determination of 4-Hydroxyproline was performed according to the procedure suggested by Kindt et al. (2003) using electrospray mass spectrometry (LCQ Thermo Electron, CA, Waltham, MA) to avoid any derivatization step.
Total lipids were extracted from the homogenized left hind leg meat samples using the chloroform/methanol method by Folch et al. (1957) . Fatty acid methyl esters were prepared by transesterifi cation using methanol in the presence of 3% HCl in methanol (vol/vol).
Gas liquid chromatography used an automated apparatus (CE 8000 Top; Thermoquest, Milan, Italy) equipped with a fl ame ionization detector and a column (Supelco Omegawax 250 type capillary, 30 m length, 0.25 mm i.d., and 0.20 mm fi lm thickness; Sigma-Aldrich, Mila, Italy). The injector and detector temperatures were both 250°C. The hydrogen fl ow was 1.60 mL/min (linear velocity: 40.22 cm/s at 200°C). Fatty acids (FA) were identifi ed by comparing their retention times to those of known standard FA methyl ester mixtures (Mix C4-24, 18919-1 AMP; Supelco, Bellafonte, PA). Results were expressed as a percentage (wt/wt) of total FA methyl esters.
Atherogenic and thrombogenic indexes were calculated according to Ulbricht and Southgate (1991) as follows:
C14 : 0 + C16 : 0 + C 18 : 0 0.5 U FA 0.5 6 3 × 3 3 6 n n n ń
Statistical Analyses
The data were subjected to ANOVA using the GLM procedure (SAS Inst. Inc., Cary, NC). The cage (1 or 2 rabbits/cage) served as the experimental unit. The model included the fi xed effect of dietary treatment, and the cage was specifi ed as a random effect. Differences among treatment means were separated using Tukey's test at P < 0.05. Mortality rate was analyzed by the χ 2 test. Treatment means were also compared using orthogonal single degree of freedom contrasts (Steel and Torrie, 1980) . Table 1 presents the ingredient and analyzed chemical composition, as well as the nutritional value of the basal diet fed to the rabbits. The average mortality rate was 5.75% and there were no differences among the groups. Because of mortality, 2 cages per group were discarded and the number of cages used for statistical analysis was 30 per group.
RESULTS

Growth Performance
Rabbits fed the diet with 1.5 g/kg MOS had greater (linear and quadratic, P < 0.01) ADG (Table 2 ) than rabbits fed the other diets, but the ADG for the rabbits fed the control diet was not different from the average of the ADG for the rabbits fed the 3 MOS diets. The ADFI of rabbits declined (linear and quadratic, P < 0.01) as increasing amounts of MOS were included in the diets. Rabbits fed the control diet or the diet containing 0.5 g/kg of MOS also had a greater (P < 0.05) ADFI than rabbits fed the diets containing 1.0 or 1.5 g/kg MOS. The contrast between the control and the MOS diets also indicated that rabbits fed the control diet had greater (P < 0.001) ADFI than rabbits fed the MOS diets. However, G:F improved (linear, P < 0.001) as MOS was included in the diets and rabbits fed the diet containing 1.5 g/kg of MOS had a greater (P < 0.05) G:F than rabbits fed the other diets. Likewise, rabbits fed the diet containing 1.0 g/kg of MOS also had a greater (P < 0.05) G:F than rabbits fed the control diet or the diet containing 0.5 g/kg of MOS. The G:F for the 3 MOS diets was also greater (P < 0.001) than the G:F for the control diet.
Nutrient Digestibility
The apparent total tract digestibility (Table 3) of DM, OM, CF, NDF, ADF, cellulose, and hemicellulose increased (quadratic, P < 0.05) as the concentration of MOS in the diets increased. The digestibility of DM, OM, CP, CF, NDF, ADF, cellulose, and hemicellulose was also greater (P < 0.05) in the diets containing MOS than in the control diet and the digestibility of these nutrients was greater (P < 0.05) in the diet containing 1.5 g/kg of MOS compared with the control diet.
Body Weights and Carcass Traits
Body weight at slaughter did not differ among groups (Table 4) . Rabbits fed the diet containing 1.5 g/ kg of MOS had a greater (P < 0.05) empty gastrointestinal tract as percentage of BW than rabbits fed the control diet or the diet containing 0.5 g/kg MOS. Rabbits fed the diet containing 1.5 g/kg of MOS also had a reduced (P < 0.05) percentage of liver weight relative to the reference carcass compared with rabbits fed the control diet.
Physical Characteristics of Meat, Collagen Content and Solubility
The WBSF in Biceps femoris muscle (Table 5 ) declined (linear, P < 0.05) as increasing levels of MOS was included in the diets, but the WBSF in rabbits fed the control diet was not different from the average of the WBSF in rabbits fed the 3 MOS diets. Rabbits fed the diet containing 1.0 g/kg of MOS had a greater (P < 0.05) percentage of bone in the left hind leg than rabbits fed the control diet. Likewise, rabbits fed the diet containing 1.0 g/kg of MOS had a reduced (P < 0.05) meat-tobone ratio compared with rabbits fed the control diet. 
Chemical Composition and Frozen Losses of Meat
No differences were observed among groups for meat chemical composition (Table 6 ). However, rabbits that were fed the diet with 1.5 g/kg MOS had less (P < 0.05) frozen losses than rabbits fed the control diet. The contrast between the control and the MOS diets also indicated that rabbits fed the control diet had greater (P < 0.01) frozen losses than rabbits fed the MOS diets.
Fatty Acid Profi le of Meat
The concentration of palmitic acid (C16:0) was greater (P < 0.05) in the meat from rabbits fed the control diet than those rabbits fed the diet containing 1.0 or 1.5 g/kg of MOS (Table 7) . The contrast between the control and the MOS diets also indicated that meat from rabbits fed the control diet had a greater (P < 0.05) concentration of palmitic acid than those rabbits fed the 3 MOS diets. The concentration of stearic acid (C18:0) decreased (linear and quadratic, P < 0.05) in the meat of rabbits as the concentration of MOS in the diet increased. Meat from rabbits fed the control diet also had a greater (P < 0.05) concentration of C18:0 than those rabbits fed the MOS diets. Likewise, the concentration of SFA was greater (P < 0.01) in the meat from rabbits fed the control diet than the 3 MOS diets. The content of oleic acid (C18:1) was greater (P < 0.05) in the meat from rabbits fed the diet containing 1.0 or 1.5 g/kg MOS than the control diet or the diet containing 0.5 g/kg of MOS. The concentration of C18:1 for the 3 MOS diets was also greater (P < 0.05) than the concentration of C18:1 for the control diet. Meat from rabbits fed diets containing 1.0 or 1.5 g/kg of MOS also had greater (P < 0.05) content of MUFA than those rabbits fed the diet containing apramycin. Likewise, the contrast between the control and the MOS diets also indicated that meat from rabbits fed the 3 MOS diets had greater (P < 0.001) concentration of MUFA than those rabbits fed the control diet. The thrombogenic index was greater (P < 0.05) in the meat of the control group rabbits than the MOS group rabbits.
DISCUSSION
Results of this experiment indicated that MOS may replace apramycin in diets fed to rabbits from d 60 to d 82 without negatively impacting carcass quality or composition, and with an improvement in animal growth performance. The improvement in G:F observed in rabbits fed diets containing MOS, rather than apramycin, was largely a result of improved nutrient digestibility. Mourao et al. (2006) attributed the increase in feed digestibility to an improvement of intestinal histology based on evidence 1 WBSF = Warner-Bratzler shear force; and CollSol = collagen solubility.
2 Control = control group supplemented (50 mg/kg of diet) with apramycin (Elanco, Greenfi eld, IN; no mannanoligosaccharides, MOS); MOS-0.5, MOS-1.0, and MOS-1.5 = groups supplemented with MOS (Alltech, Inc., Nicholasville, KY) at 0.5, 1.0 and 1.5 g/kg of diet, respectively.
3 n = 16 (8 males and 8 females) per group. 4 Control vs. MOS = single degree of freedom contrast of control vs. diets with 0.5, 1.0, and 1.5 g MOS/kg. NS = not signifi cant, P > 0.05. *P ≤ 0.05 and **P < 0.01. that MOS may increase villi height:crypt depth, which expands the absorption surface area of the intestine. However, in the current experiment, the increase in OM and DM digestibility was the result of an increase in the digestion of structural carbohydrates. This result partly confi rms the results from our previous studies (Bovera et al. (2010a),b) , in which growing rabbits fed MOS at 1.0 g/kg of diet had greater cellulose digestibility than rabbits fed diets containing apramycn, 0.5 or 1.5 g/kg MOS. This may be due to the "selection" induced by MOS on cecal microfl ora, which is more effi cient in structural carbohydrate fermentation than that selected by antibiotics. Antibiotics inhibit the viability and proliferation of not only some pathogens but also benefi cial enteric microfl ora, whereas MOS prevent the attachment and colonization of some enteric bacteria, but do not kill them (Ferket et al., 2002) . That may result in a different microfl ora in rabbits fed diets containing MOS than rabbits fed the diet containing apramycin. The increase in protein digestibility may also be attributed to an improvement of microbial synthesis with a greater inclusion of nitrogen in bacterial cells. Rabbits can use this source of N by cecotrophia. Furthermore, lipid digestibility was not affected. It is recognized that the main effect of soft feces ingestion is protein reutilization (Villamide et al., 2010) . The lipids escaping intestinal absorption are not utilized by cecal microfl ora and only hydrogenated/dehydrogenated (Fernandez et al., 1994; Gidenne, 1996) , and the ether extract content in soft and hard feces are quite similar (Cheeke, 1987; Carabano and Piquer, 1998) .
The increase in the relative weight of the gastrointestinal tract observed in rabbits fed the diets containing MOS compared with those fed the control diet is in agreement with data reported by Piccolo et al. (2009) , and may be due to the fact that inclusion of an antibiotic growth promoter in diets fed to rabbits results in a reduction in the enteric mass. In contrast, inclusion of MOS in the diets does not affect enteric mass of rabbits, although MOS may result in an increase in luminal muscularis because of increased motility. Also, the reduction of liver percentage in the reference carcass was observed by Piccolo et al. (2009) in rabbits, as well as by Bonos et al. (2010) in Japanese quails.
It is not easy to explain why a greater percentage of bone and, as a consequence, a smaller meat-to-bone ratio, was recorded in the left hind leg of rabbits fed the diet containing 1.0 g/kg of MOS, as compared with rabbits fed the other diets. Likewise, the increase in Biceps femoris muscle WBSF of rabbits fed 0.5 and 1.0 g/kg of MOS is also diffi cult to explain. To our knowledge, this is the fi rst experiment to evaluate the effects of MOS on carcass quality of rabbits.
In rabbits, the endogenous FA (synthesized from carbohydrates) are mainly C16:0, C18:1, and C18:0 (Ouhayoun et al., 1985 (Ouhayoun et al., , 1987 . Polyunsaturated fatty acids of the rabbit meat result primarily from the ingestion of exogenous lipids (Ouhayoun, 1998) , even though the synthesis of n-3 PUFA is possible from its diet precursor in the liver and the amount produced depends on the dietary n-6/n-3 ratio (Peiretti and Meineri, 2008) .
However, according to several authors (Furuse et al., 1992; Castellini et al., 2002; Dal Bosco et al., 2004) , the FA composition of the feed and animal tissues can be modifi ed as a result of the action of the gastro-intestinal microfl ora because the gut microorganisms are able to hydrogenate unsaturated organic acids into more saturated ones, or even to desaturate some organic acids. Castellini et al. (2002) highlighted the role of cecal microfl ora, showing that the reingestion of soft feces by rabbits induced a greater concentration of n-3 long chain PUFA in the meat. However, in non-cecotrophy species such as Japanese quail and pigs, Rekiel et al. (2005) and Bonos et al. (2010) observed smaller palmitic and greater oleic acid concentrations in the meat because of MOS added to the diet at 1.0 g/kg, which both authors attributed to a different action of gut microfl ora.
In the current experiment, the main reason for the differences in the FA profi le in meat is that the concentrations of SFA (mainly, C16:0) declined and the concentration of MUFA (mainly C18:1) increased, whereas no changes in PUFA were observed when the concentration of FA was expressed as percentage of total FA. Our hypothesis is that the effect of MOS on intestinal microfl ora may have favored microorganisms with different preferences for FA synthesis than those favored by antibiotics or organic acids, which may have affected the FA composition of the meat in the rabbits. Moreover, the meat from the control group rabbits had a greater thrombogenic index because of the greater C16:0 and C18:0 concentrations and less MUFA concentration, C18:1 in particular. There is epidemiological and experimental evidence indicating that a diet high in SFA (C12:0, C14:0, and C16:0) is associated with increased concentrations of serum cholesterol, which in turn are related to increased incidences of coronary heart disease. Furthermore, long-chain SFA accelerate thrombus formation, whereas PUFA and MUFA do not, and it is the longer-chain SFA (i.e., C14:0, C16:0, and C18:0), which are thrombogenic (Ulbricht and Southgate, 1991) .
Inclusion of MOS in diets fed to rabbits during the fattening period, instead of apramycin, may improve the G:F, which is a result on improvements in nutrient digestibility. There seems to be a linear improvement in G:F related to the amount of MOS in the diet from 0 to 1.5 g/ kg of MOS. Dietary MOS may also improve meat quality because of a decrease in SFA and thrombogenic index and an increase in MUFA. Mannanoligosacharides may, therefore, be used, instead of apramycin, in diets fed to rabbits during the fattening period with no negative effects on carcass traits, or physical and chemical meat characteristics.
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